Abstract Although anxiety and depression are not the core symptoms of Alzheimer's Disease (AD), there are changes observed in mood in those with AD, as well as in the aging population. Anxiety and depression may be influenced by progesterone P 4 and/or its neuroactive metabolites, dihydroprogesterone (DHP) and 5α-pregnan-3α-ol-20-one (3α,5α-THP). To begin to investigate progestogens' role in AD, a double transgenic mouse model of early-onset familial AD that cooverexpresses mutant forms of amyloid precursor protein (APPswe) and presenilin 1 Δ exon 9 mutation was utilized. As such, the effects of long-term (from 6 to 12 months of age) administration of P 4 to ovariectomized (ovx) wildtype and APPswe+PSEN1Δe9 mice for changes in affective behavior was investigated. APPswe+PSEN1Δ9 mutant mice had increased anxiety-like (i.e., increased emergence latencies, decreased time spent on the open quadrants of the elevated zero maze) and increased depressive-like behavior (i.e., increased time spent immobile) than did wildtype mice. Compared to vehicle-administration, P 4 administration (which produced physiological circulating P 4 , DHP, and 3α,5α-THP levels, particularly in the wildtype mice) decreased depressant-like behavior in the forced swim test. These effects occurred independent of changes in general motor behavior/coordination, pain threshold, and plasma corticosterone levels. Thus, the APPswe+PSEN1Δ9 mutation alters affective behavior, and P 4 treatment reversed depressive-like behavior.
Introduction
Alzheimer's Disease (AD) is the most common form of neurodegeneration among the elderly (Evans et al. 1989 ) and may be influenced by sex steroids. AD is characterized by accumulation of β amyloid proteins into plaques and tangles and resulting behavioral dysfunctions in cognitive measures and neuropsychiatric symptoms, such as anxiety and depression.
Women are 1.5-3 times more likely to have AD than are men (Barrett 1999) . Progressive development of AD with aging occurs concomitant with a precipitous decline in ovarian steroids, estradiol (E 2 ) and progesterone (P 4 ), among women, and a decade-by-decade decline in androgens among men. It may be that some of these differences in prevalence of AD are related to differences in these steroids among women and men, and with aging (reviewed by Bernardi et al. 2004; Seeman 1997) . In support of this idea, among subjects with AD, there are lower levels of a P 4 metabolite, 5α-pregnan-3α-ol-20-one (3α,5α-THP) in serum (Bernardi et al. 2000) , and prefrontal cortex measured postmortem (Marx et al. 2006) . Lower plasma 3α,5α-THP levels in those with AD or non-AD dementia, compared to controls, may be a biomarker for AD (Smith et al. 2006) . Of interest is whether there are beneficial effects of P 4 and/or its metabolites ("progestogens") in situations of central nervous system (CNS) compromise as is seen with aging and AD.
Progestogens are trophic factors with a wide variety of functional effects throughout the lifespan (reviewed in Frye 2007) . In the brain, P 4 is converted by the 5α-reductase enzyme to dihydroprogesterone (DHP), which is then converted to 3α,5α-THP by the 3α-hydroxysteroid dehydrogenase enzyme. E 2 enhances the effects of these enzymes and can increase central 3α,5α-THP levels (Cheng and Karavolas 1973; Frye and Rhodes 2005; Malendowicz 1976; Resko et al. 1986; Vongher and Frye 1999) . There is evidence for beneficial effects of E 2 and progestogens in models of compromised systems. For example, in in vitro studies, E 2 and P 4 reduce some effects of glutamate or Aβ exposure on measures of insult to hippocampal neurons (Goodman et al. 1996; Nilsen and Brinton 2002) . Similarly, administration of E 2 , P 4 , or 3α,5α-THP can have beneficial effects in whole animal models of aging and neuronal compromise (i.e., seizure, cortical contusion, ischemia, and diabetic neuropathy models; Asbury et al. 1998; Cervantes et al. 2002; Charalampopoulos et al. 2006; Ciriza et al. 2004; Frye and Rhodes 2005; Frye and Walf 2008; Leonelli et al. 2007; Nilsen and Brinton 2002; Rhodes and Frye 2004; Roof et al. 1994; Sayeed et al. 2006) . Progestogens can also decrease anxiety-like, fear, and depressive-like behavior among young and aged female rats or mice (Frye et al. , 2006b Frye and Rhodes 2006; Martinez-Mota et al. 1999; Rodriguez-Landa et al. 2007 ). Together, these data substantiate further investigation of the effects of P 4 administration for affective behavior in a whole animal model of AD.
Given that as many as 30-50% of women over the age of 85 have a dementia or AD (Bachman et al. 1992) and 30-40% of people with AD have depressive and/or psychotic symptoms (Wragg and Jeste 1989) , investigating the role of progestogens in the related symptomology of these conditions is of interest. An approach taken to investigate the role of P 4 and its metabolites was a double transgenic mouse model of familial AD that express a human presenilin 1 Δ exon 9 deletion mutation, which corresponds to a form of early-onset AD, and overexpression of a chimeric mouse/human amyloid precursor protein (APPswe; Borchelt et al. 1996a Borchelt et al. , 1996b Borchelt et al. , 1997 . APPswe+PSEN1Δe9 mice start developing β-amyloid deposits between 5 and 6 months of age, which become substantial and more pronounced in female compared to male mice between 6 and 7 months of age (Burgess et al. 2006; Jankowsky et al. 2004 ). By 9 months of age, severe plaque deposition occurs within the cortex and hippocampus (Jankowsky et al. 2004) . Given these characteristics, and that the primary risk factor for AD is age, in this study, we investigated the effects of P 4 in a cohort of wildtype and APPswe+PSEN1Δe9 mice that were ovx at 6 months of age and replaced back with P 4 -or vehicle from 6 to 12 months of age. Mice were tested in anxiety and depression measures between 9 and 12 months of age. We hypothesized that: APPswe+PSEN1Δe9 mice would have increased anxiety-like and depressive-like behavior, compared to wildtype mice, and that P 4 would reverse these effects.
Materials and methods
All experimentation was conducted in accordance with accepted standards of humane animal use, and methods that were utilized were pre-approved by the Institutional Animal Care and Use Committee at University at Albany-SUNY.
Subjects and housing
Female APPswe+PSEN1Δe9 (line 85) bigenic mice were obtained from Jackson Laboratory (Bar Harbor, ME). At Jackson Laboratory, this strain was maintained as hemizygotes by crossing the transgenics (originally obtained from D.R. Borchelt, Johns Hopkins University, Baltimore, MD) with mice on a B6C3F1/J background. Genotypes of mice were confirmed by PCR analysis of tail biopsies at Jackson Laboratory before mice were sent to our institution. Transgenic mice and their wildtype littermates were obtained at 6 months old as one cohort.
All mice were group-housed (4-5/cage) in cages containing woodchip shavings for bedding and one Nestlet. Cages were situated in a ventilated rack in a room in the Life Sciences Research Building Animal Care Facility at the University at Albany on a 12/12 h reversed light/dark cycle (lights off at 8:00 A.M.). Mice had continuous access to rodent chow and water in their homecages.
Ovariectomy and hormone administration All mice were ovx under sodium pentobarbital anesthesia (80 mg/kg). Immediately following ovx, and when mice were still under anesthesia, pellets were subcutaneously implanted in the scruff of the neck. Mice were given a second pellet under anesthesia at 9 months of age so that mice were in the same experimental condition for 6 months. Pellets were placebo or P 4 (25 mg, 90-day release), obtained from Innovative Research of America (Sarasota, FL).
General procedure
To investigate the effects of P 4 on affective measures, mice were randomly assigned to be administered P 4 or placebo vehicle at the beginning of the experiment. Mice were ovx at 6 months of age and administered a pellet containing vehicle or P 4 under sodium pentobarbital anesthesia (80 mg/kg). Three months later, under anesthesia, ovx mice were administered a second pellet of the same drug that they received at time of ovx. At 9 months of age, mice were exposed to a 5-day handling procedure (described below) to habituate mice before behavioral testing began. Mice were tested once per week in the behavioral tasks described below. Mice were re-tested under the same experimental conditions in these tasks 4-6 weeks after they were originally tested. Data from both testing occasions is reported here. At the end of the study, blood was collected from mice so that plasma levels of corticosterone and progestogens could be determined. There were five transgenic mice in the P 4 and vehicle groups, and six wildtype mice in each of the P 4 group and vehicle groups. One transgenic mouse in the P 4 group did not get tested twice in each measure and have plasma collected and, thus, data from this mouse were not included in the final analyses.
Handling procedure
Behavioral testing commenced following a 5-day handling procedure that was utilized to habituate mice to handling and behavioral observation by the experimenter (modified as per Frye et al. 2006b ). On day 1, mice were picked up from their homecage, handled for 15 s, and returned to their homecage. On day 2, mice transferred from their homecage to a novel clean cage. On day 3, mice were weighed and then replaced to their homecage. On day 4, mice were transferred to another room via a cart. On day 5, mice were transferred to another room via a cart and placed in novel environment for 5 min.
Behavioral testing AD is characterized by dysfunctions in measures of affect. As such, in the present experiment, mice were tested in several tasks (described below) to determine effects of mutation and P 4 -replacement on anxiety-like (Emergence, Elevated Zero Maze), and depression-like (Forced Swim Test) behavior. Given that performance in these tasks can be modulated by other factors, such as activity, coordination/balance, and/or responsiveness to aversive stimuli, control measures of general motor behavior (Open Field Activity), motor coordination/ balance (Rotarod), and nociception (Tailflick) were also evaluated. Behavioral data were collected by trained observers and video-recorded with the aid of a video-camera and/or video-tracking system (Anymaze-Stoelting, Wood Dale, IL).
Emergence
For the emergence task, which is a modification of a dark-light chamber anxiety task (van Gaalen et al. 2002) , mice were placed in a closed opaque cylinder (20×4×4 cm), secured in a brightly lit open field to prevent rolling. The latency for mice to emerge from the cylinder into the open field when its door is opened was used as an index of anxiety-like behavior, was recorded (max latency=300 s).
Elevated zero maze
For the elevated zero maze task, mice were placed at the entrance of one of the two closed quadrants in the maze, which had black, 20 cm high walls made of Plexiglas. The maze is circular (40 cm in diameter with 5 cm wide runways) and elevated 70 cm above the ground. The total time spent in the closed and open quadrants was recorded for 5 min (as per Frye et al. 2006b ). The total duration of time spent in the open quadrants is considered to reflect reduced anxiety-like behavior.
Forced swim test
Mice were placed in a glass cylinder (21.5 cm deep, 20.5 cm diameter) filled with 8 cm of 30°C tap water for 10 mins. During this time, the duration of immobility, when the mouse was floating and, neither paddling limbs, nor balancing on their tail, was recorded and utilized as an index of depressive behavior .
Open field task
Motor behavior of mice was assessed in a 39×39× 30 cm open field that had a grid floor with a total of 16 equal squares delineated. An observer recorded the number of entries into the squares for 5 min (as per ). The total number of square entries made reflects the general motor activity of mice.
Rotarod
Motor coordination of mice was assessed using the Accurotor Roto-Rod Apparatus (AccuScan Instruments, Columbus, OH; Frye et al. 2006b) . In this task, the rods were 3 cm in diameter and elevated 35 cm above the floor. Mice were first habituated to this task with three 30 s trials. One hour later, mice were tested with the rod rotating at constant speed of 20 rpm (Frye et al. 2006b ). Mice had two trials in this testing session and the latency to fall from the rod was recorded (maximum latency = 180 s).
Tailflick
Pain thresholds for mice were determined using latency to move tail from a heat source (50°C; San Diego Instruments, San Diego, CA). Mice were gently held by the experimenter, and had their tail smoothed over the heat source so that it was flush to the surface, and the experimenter turned the heat source on. The latency for mice to move their tail from heat source was recorded by the observer for three consecutive trials, with a maximum latency of 10 s), and averaged (modified as per Frye et al. 2000) . A longer latency indicates a higher pain threshold.
Tissue collection and dissection
Mice were euthanized by cervical dislocation, rapidly decapitated, and had tissues collected. Blood was collected via cardiac puncture and/or from the trunk following decapitation. Blood was collected in chilled eppendorfs containing 10 μl saturated EDTA solution and spun at 4°C at a speed of 3,000 g for 20 min and then stored at −20°C until radioimmunoassay of plasma. Immediately before radioimmunoassay, blood was spun at 4°C at a speed of 3,000 g for 10 min.
Radioimmunoassay for steroid hormones Corticosterone, P 4 , DHP, and 3α,5α-THP concentrations in plasma were measured as described below, using previously reported methods (Frye and Bayon 1999) . Corticosterone was extracted from plasma by heating samples at 60°C for 30 min. P 4 , DHP, and 3α,5α-THP were extracted from plasma with ether following incubation with distilled water and 800 counts per minute (cpm) of 3 H steroid. After snap-freezing twice, test tubes containing steroid and ether were evaporated to dryness in a Savant. Dried down tubes were reconstituted with phosphate assay buffer to the original plasma volume immediately before set-up of radioimmunoassays.
3
H corticosterone (NET 182: specific activity=48.2 Ci/mmol), P 4 (NET-208: specific activity = 47.5 Ci/mmol), and 3α,5α-THP (used for DHP and 3α,5α-THP, NET-1047: specific activity=65.0 Ci/mmol), were purchased from Perkin Elmer (Boston, MA). The corticosterone antibody (#B3-163), obtained from Esoterix Endocrinology (Calabasas Hills, CA), which typically binds 40-60% of [ 3 H]corticosterone, was used in a 1:20,000 dilution and bound 45% in the present study. The P 4 antibody (P#337), obtained from G.D. Niswender (Colorado State University), when used in a 1:30,000 dilution typically binds between 30% and 50% of [ 3 H]P 4 , and bound 48% in the present study. The DHP (X-947) and 3α,5α-THP antibodies (#921412-5), obtained from R. Purdy (Veterans Medical Affairs, La Jolla, CA), when used in a 1:5,000 dilution binds between 40-60% of [ 3 H] 3α,5α-THP and bound 47% in the present study. The range of the standard curves, prepared in duplicate, was 0-4 ng for corticosterone, and 0-8,000 pg for P 4 , DHP, and 3α,5α-THP. Standards were added to assay buffer followed by addition of the appropriate antibody (described above) and 3 H steroid. Total assay volumes were 960 μl for corticosterone, 750 μl for P 4 , 950 μl for DHP, and 950 μl for 3α,5α-THP. All assays were incubated overnight at 4°C, except for corticosterone, which was incubated at room temperature for 60 min. Separation of bound and free steroid was done by rapidly adding dextran-coated charcoal to assay tubes and incubating for 20 min. Following incubation, tubes were centrifuged at 3,000 g for 20 min and the supernatant was decanted into a glass scintillation vial with 5 ml Scintiverse BD scintillation cocktail. Sample tube concentrations were calculated using the logit-log method (Rodbard and Hutt 1974) , interpolation of the standards, and correction for recovery with Assay Zap. The inter-and intraassay reliability coefficients were: 0.05 and 0.06 for corticosterone, 0.11 and 0.10 for P 4 , 0.11 and 0.09 for DHP, and 0.09 and 0.10 for 3α,5α-THP.
Statistical analyses
Two-way repeated measures analyses of variance (ANOVAs) tests were utilized to determine effects of genotype (wildtype vs APPswe+PSEN1Δe9) and hormone condition (vehicle vs P 4 ) on behavioral measures on two test occasions. Two-way between subjects ANOVAs were utilized to determine effect of genotype and hormone condition for plasma steroid levels. Where appropriate, ANOVAs were followed by Fisher's LSD post hoc tests to determine group differences. Significant main effects are reported when P<0.05 and trends are considered when P<0.10.
Results

Effects on anxiety-like and depression-like behavior
There were main effects of genotype for behavior in the emergence task [F1,34=6.6; P<0.01; Fig. 1, top] and elevated zero maze [F1,34=5.3; P<0.03; Fig. 1 , bottom]. Post hoc tests revealed that, compared to wildtype mice, APPswe+PSEN1Δe9, mice had increased anxiety-like behavior, i.e., significantly longer latencies to emerge from the chamber and decreased time spent on the open quadrants of the elevated zero maze. There was neither an effect of P 4 administration, nor repeated testing, on these measures. There were no significant interactions between these variables.
In the forced swim test of depression, there were main effects of genotype [F1,34=4.3; P<0.04; Fig. 2 ] and hormone condition [F1,34=11.2; P<0.01]. Post hoc tests revealed that APPswe+PSEN1Δe9 mice had increased depressive-like behavior, i.e., tended to spend more time immobile, than did wildtype mice. P 4 administration significantly decreased immobility in this task. There was neither an effect of repeated testing, nor an interaction between variables, on this measure.
Effects on motor behavior, coordination, pain thresholds, and plasma corticosterone Notably, these behavioral differences on affective measures were not accompanied by differences due to genotype, P 4 condition, repeated testing, or an interaction between these variables, for coordination/ Fig. 1 The latency [in seconds (mean ± SEM)] to emerge from the chamber (top) and time spent on the open quadrants of the zero maze (bottom). + Significant effect of genotype, P<0.05 balance (rotarod fall latency) or pain thresholds (tail flick latencies; see Table 1 ). There was also no effect of genotype, repeated testing, or any interactions between variables, for general motor activity in the open field (total entries); however, there was a main effect of hormone condition [F1,34=6.8; P<0.01]. P 4 administration decreased total entries in the open field compared to vehicle administration. APPswe+PSEN1Δe9 and wildtype mice had similar, basal levels of corticosterone (Table 2) .
Effects on plasma progestin levels
There was a main effect of hormone condition for P 4 [F1,17=17.1; P<0.01], DHP [F1,17=12.5; P<0.01], and 3α,5α-THP [F1,17=6.2; P<0.02] levels. P 4 administration significantly increased plasma progestin levels in wildtype and APPswe+PSEN1Δe9 mice. There were no main effects of genotype for these measures, but there was a tendency for 3α,5α-THP levels to be lower in APPswe+PSEN1Δe9, compared to wildtype, mice [F1,17=3.3; P<0.08].
Discussion
The present results partially supported our hypothesis that APPswe+PSEN1Δ9 mice would have increased anxiety-like and depressive-like behavior compared to wildtype mice, and that P 4 administration would reverse some of these effects. In the emergence and elevated zero maze task, APPswe+PSEN1Δ9 mutant mice had increased anxiety-like behavior, characterized by increased emergence latencies and decreased time spent on the open quadrants, respectively, compared to wildtype mice. A similar pattern was observed in the forced swim test of depression behavior. Compared to wildtype mice, APPswe+PSEN1Δ9 mice spent more time immobile. In both APPswe+PSEN1Δ9 and wildtype mice, P 4 decreased time spent immobile compared to that observed in mice that received placebo pellets. As expected, P 4 administration increased P 4 , DHP, and 3α,5α-THP levels in plasma. There were no differences between groups for plasma corticosterone levels or control measures. Although the latencies to fall in the rotorod were short for all groups, suggesting that this task was difficult for these mice, there were also no differences due to genotype for total entries in the open field or tailflick latencies. Together, these results suggest that middle-aged mice with the APPswe+PSEN1Δ9 mutation demonstrate greater anxiety-like and depressive-like behavior, and that P 4 treatment can decrease depressive-like behavior.
The present data confirm and extend findings from previously reported studies utilizing transgenic murine models of AD. For example, in these AD mice models, there are behavioral impairments in hippocampus-dependent learning tasks (Frye and Walf 2008; Lalonde et al. 2004; Reiserer et al. 2007 ) and alterations in anxiety/depression tasks (Lalonde et al. 2004; Lee et al. 2004 ). In the present study, we found that anxiety-like and depression-like behavior of APPswe+PSEN1Δe9 mice was increased compared to their wildtype counterparts in the emergence, elevated zero maze, and forced swim tasks. Together, these data confirm some of the reports of increased anxiety-like and depressive-like behavior with AD. The present data confirm and extend previous findings to demonstrate the role of progestogens, particularly 3α,5α-THP, for AD and affective behavior. Although statistical analyses and interpretations of the present data may be somewhat limited due to small sample size, a different pattern of response to P 4 in the wildtype and APPswe+PSEN1Δe9 is apparent in the two anxiety tasks that were utilized in the present study. In the emergence task, unlike in the elevated zero maze, P 4 appears to increase anxiety-like behavior of the APPswe+PSEN1Δe9 mice, whereas P 4 modestly decreases anxiety-like behavior of wildtype mice in both tasks. However, all mice that were tested spent a short duration in the open quadrants of the elevated zero maze. In a rat model of AD, rats that were administered chronic intracerebroventricular administration of β-amyloid (1-40) protein, demonstrated increased depressive behavior and decreased P 4 levels in the hippocampus compared to controls (Urani et al. 2004) . Rats with natural elevations in progestogens have decreased anxiety-and depressive-like behavior and this effect is mimicked by P 4 administration to ovx rats or mice (Frye et al. 2000 (Frye et al. , 2006a Frye and Rhodes 2006; Frye and Walf 2002; MartinezMota et al. 1999; Rodriguez-Landa et al. 2007 ). Attenuating metabolism of P 4 to 3α,5α-THP in a 5α-reductase knockout model, or with a 5α-reductase inhibitor administered systemically or to the hippocampus/amygdala, increases anxiety-like and depressive-like behavior in rodents with natural elevations in P 4 or those administered P 4 (Frye and Walf 2002, 2004; Rhodes and Frye 2001; Walf et al. 2006) . These data, in addition to the present findings that P 4 administration decreased depressive-like behavior in wildtype and APPswe+PSEN1Δ9 mice, suggest that P 4 and its metabolites may have beneficial effects on affective behavior in a healthy as well as a compromised system. It must be noted that the small sample sizes is a limitation of the present study. However, the present results, and previous studies of progestogens' effects for anxiety and depression in AD and non-AD models, substantiate further investigation of the role and mechanisms of progestogens in murine models of AD.
Whether the effects observed are via actions of P 4 or its metabolites is an interesting question as P 4 and 3α,5α-THP have discrepant receptor targets. P 4 binds with a high affinity to intracellular progestin receptors (PRs) (Brosens et al 2004; Iswari et al. 1986; Smith et al. 1974) , while, in physiological concentrations, 3α, 5α-THP is devoid of affinity for PRs (Rupprecht 2003) . 3α,5α-THP can have rapid actions via some neurotransmitter receptors (e.g., GABA A , NMDA, dopamine; reviewed in Frye et al. 2006a) . Indeed, in a mouse model of AD, in which there is overexpression of APPswe, no differences were observed in expression of PR in hippocampus using RT-PCR (von Arnim et al. 2006) , suggesting that non-PR mechanisms may be important for the effects observed in the present. In our laboratory and many others, the role of 3α,5α-THP as a potent agonist of membrane GABA A /benzodiazepine receptor complexes (GBRs; Majewska et al. 1986; Wilson 1996) , and its effects through actions involving other neurotransmitter receptors, such as dopamine and NMDARs, PRs, and their downstream effectors has been revealed (Frye et al. 2006a) . Indeed withdrawal from progestogens alters GABA subunit expression and increases anxiety-like behavior in young adult rats (Gulinello et al. 2002; reviewed in Smith 2002) . Identification of the receptor targets and/or signal transduction cascades underlying the observed effects of P 4 are beyond the scope of this investigation, but will be elucidated in the future. The clinical literature generally supports a role of endocrine factors altering AD and other neurodegenerative processes associated with aging. Some, but not all, studies have shown that steroid/E 2 -based therapies to postmenopausal women may attenuate decline in cognitive function, improve mood in AD, and decrease risk for developing AD (Asthana et al. 2001; BarrettConnor and Kritz-Silverstein 1993; Brenner et al. 1994; Carlson et al. 2000; Fillit 2002; Fillit et al. 1986; Matthews et al. 1999; Paganini-Hill and Henderson 1994; Tang et al. 1996; Yaffe et al. 1998; Zandi et al. 2002) . However, the therapeutic potential of hormone-based therapies for cognitive function/ AD is under scrutiny given that reports from the Women's Health Initiative Memory Study (WHIMS), demonstrated that women administered E 2 , alone or in combination with progestogens, had greater cognitive impairment, and AD risk increased twofold, compared to the placebo group (Shumaker et al. 2003 (Shumaker et al. , 2004 . Although basic science models generally support a beneficial role of P 4 , clinical studies such as these, call into question the potential beneficial role of progestogens. However, there were some methodological problems in the WHIMS trial. One may have been a long latency between steroid deprivation and subsequent replacement, which may attenuate the responsiveness to later progestin administration (Rubinow 2005) . Data from animal models have demonstrated that beneficial effects of steroids may be dependent upon timing of replacement (Daniel et al. 2006) . For this reason, in the present study, P 4 was replaced at time of ovx. Another problem with the findings from clinical studies was that, in these women, hormone-based therapies were initiated many years post-menopause when there is a reduced capacity to form 3α,5α-THP from circulating P 4 (Genazzani et al. 1998; de Wit et al. 2001) . Indeed, an important consideration to investigate further is that the beneficial effects of progestogens may be dependent upon their capacity to be converted readily to 3α,5α-THP. Indeed, we have shown decrements in 3α,5α-THP levels in the hippocampus of these APPswe+PSEN1Δ9 mutant mice administered P 4 compared to their wildtype counterparts (Frye and Walf 2008) . In the present study, levels of DHP and 3α,5α-THP were lower in APPswe+PSEN1Δ9 mice, compared to wildtype mice, administered P 4 . Indeed, the ratio of conversion of P 4 to DHP (as per Kellogg and Frye 1999) , was 46% lower in APPswe+PSEN1Δ9 mutant mice compared to wildtype mice administered P 4 , whereas the conversion of DHP to 3α,5α-THP in the APPswe+PSEN1Δ9 mutant and wildtype mice administered P 4 were comparable. These findings suggest that differences in 5α-reductase activity may underlie the phenotype observed. Given this possibility, one cannot discount possible effects of testosterone's 5α-reduced products dihydrotestosterone and/or 3α-androstanediol, which may also play a role in age-related changes in affect and cognition (Janowsky 2006) ; however, these effects may be more evident in males. Finally, another possibility is that administration of steroids may have disorganizing effects in a compromised and more steroid-sensitive system, such as AD, following downregulation of steroids and their substrates as occurs with aging (Atwood et al. 2005; Webber et al. 2006 Webber et al. , 2007 . In the present study, these putative pathological effects of steroids with AD in middle-aged individuals were not observed in the present study, which may be related to the long-term administration P 4 that produced physiological circulating progestin levels. Given that changes in mood/affect often occur before cognitive decline, and AD patients with major depression may be more cognitively impaired and disabled than AD patients without depression (Rovner et al. 1989) , it is important to investigate these factors further in the future.
In summary, anxiety-like and depression-like behavior was increased in APPswe+PSEN1Δ9 mutant mice compared to their wildtype controls. P 4 administration to mice between 9 and 12 months of age, irrespective of genotype, decreased depressive-like behavior compared to placebo administration. P 4 administration increased P 4 , DHP, 3α,5α-THP levels in plasma, and there were modest decrements in the capacity for APPswe+PSEN1Δ9 mutant mice to covert P 4 to its 5α-reduced metabolites. Thus, these data demonstrate that overexpression of APPswe and presenilin 1 Δe9 is associated with increased anxietylike and depressive-like behavior, and that P 4 can have salient effects to reduce depressive-like behavior in middle-aged individuals.
